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The hydroperoxide-induced n trelease of Ca 2+ from rat liver mitochondria is stimulated by the Ca2+ 
uptake inhibitor uthenium red. At moderate Ca 2+ loads the release takes place with preservation of a 
high mitochondrial membrane potential. During and after Ca2+ release mitochondria remain intact. The 
hydroperoxide-induced r lease of Caz+ might herefore be of physiological relevance. 
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1. INTRODUCTION 
Uptake and release of Ca2+ by mitochondria 
are important for the control of cytoplasmic and 
mitochondrial Ca2+ levels. While the mitochon- 
drial uptake route of Ca*+ is well characterized 
the release pathway is only poorly understood 
[ 1,2]. In mitochondria from heart and some other 
excitable tissues, efflux occurs via a Ca2+ 12 Na+ 
antiport which is distinct from the electrophoretic 
uptake route (uniport) [3,4]. In liver mitochondria, 
the existence of a Ca2+ /2 H+ antiport has been 
proposed [5,6]. Experimental evidence for the exis- 
tence of a distinct antiport was first presented in 
[7,8] who suggested that alterations in the 
NAD(P)+ /NAD(P)H ratio affect net Ca2+ uptake 
and release by the uniport and an antiport. The 
importance of the redox state of mitochondrial 
pyridine nucleotides for Cal+ release from liver 
mitochondria, and the existence of a separate 
release pathway, was underlined by the findings 
[9-121 that hydroperoxides induce Ca2+ release 
due to enzymatic oxidation and hydrolysis of mito- 
chondrial pyridine nucleotides. The intactness of 
mitochondria exposed to Cal+ and hydroper- 
oxides was shown by several independent criteria 
19-l 11. 
The existence in rat liver mitochondria of a re- 
lease pathway different from the electrophoretic 
uniport, ‘and the intactness of mitochondria ex- 
posed to Ca2+ and hydroperoxides were ques- 
tioned in [13]. Here, we present conclusive evi- 
dence that hydroperoxides can induce Ca2+ 
release from rat liver mitochondria via a distinct 
release pathway and strengthen our conclusion 
that mitochondria remain intact during and after 
the hydroperoxide-induced release of C$ + . 
*To whom correspondence should be addressed 
2. MATERIALS AND METHODS 
Abbreviations: A*, mitochondrial transmembrane elec- 
trical potential, negative inside; AE, deflection of the 
tetraphenyl-phosphonium electrode from the baseline; 
arsenazo III, 2,2’-( 1,8-dihydroxy-3,6_disulphonaphtha- 
lene-2,7-bis azo)bis(benzenarsonic acid); CCCP, carbo- 
nyl-cyanide m-chlorophenylhydrazone; EGTA, ethyl- 
eneglycol bis (/3-aminoethylether)-iV,N,N’,N’-tetraacetic 
acid;. Hepes, 4-(2-hydroxyethyl)-l-piperazinemethene- 
sulphonic acid; ruthenium red, Ru2(0H)$14 * 7 NH3 * 
3 H20; TPP+, tetraphenylphosphonium 
Materials: Rotenone and bovine serum albumin 
(fraction V) were obtained from Sigma (St Louis); 
Arsenazo III and TPP+ from Fluka AG (Buchs); 
tert-butylhydroperoxide from Merck AG (Darm- 
stadt). 
Liver mitochondria from rats fasted overnight 
were isolated according to [14]. Cal+ uptake and 
release were measured at 685-675 nm with arse- 
nazo III, purified as in [5]. The transmembrane po- 
tential (A*) was measured by monitoring the 
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movements of TPP+ across the mitochondrial 
membrane as in [lo]. Inactivation of mitochondria: 
Mitochondria at 40 mg protein/ml were incubated 
in 1 ml total isolation medium at 37°C. After - 1 h 
total inactivation had been achieved as tested by 
the inability to build up a transmembrane poten- 
tial. 
All experiments were conducted at 25°C at 
2 mg protein/ml in 210 mM mannitol, 70 mM 
sucrose, 5 mM Hepes (pH 7.4) with rotenone and 
succinate present at 5 I_IM and 2.5 mM, respectively 
(standard medium). For A* measurements 20 mM 
KC1 and 20 PM TPP+ were included in the stan- 
dard medium. Further details are given in the leg- 
ends to the figures. 
3. RESULTS 
At a fixed amount of tert-butylhydroperoxide 
the rate of Ca2+ release depends on the amount of 
Cal+ pre-accumulated by mitochondria (fig.la). 
With the moderate load of 24 nmol Ca2+ /mg pro- 
tein the release is almost linear. At 340 nmol 
Ca2+ the release rate becomes biphasic consisting 
of a clearly distinct slow and fast phase. In the 
absence of tert-butylhydroperoxide no net release 
of Ca2+ is observed under the conditions shown in 
tig.la. When ruthenium red, an inhibitor of the 
electrophoretic uniport is added to Ca2+ -loaded 
mitochondria a slow efflux of Ca2+ is promoted as 
first shown in [ 161. Addition of tert-butylhydroper- 
oxide to Ca2+-loaded mitochondria in the pres- 
ence of ruthenium red (tig.lb) enhances net re- 
lease of Ca2+. 
Fig.2a shows the dependence of the rate of hy- 
droperoxide-induced Ca2+ release on the Ca2+ 
load of mitochondria. In the presence of ruthe- 
nium red the release rate shows a sigmoidal depen- 
dence on Ca2+ to - 100 nmol Ca2+ /mg. In the 
absence of ruthenium red (i.e., when Ca2+ re- 
uptake and cycling [ 1] are possible) a significant 
hydroperoxide-induced net release rate requires 
higher Ca2+ loads, and the release rate becomes 
progressively faster with increasing Ca2+ loads. In 
agreement with [ 171 the proton translocator CCCP 
induces a very rapid Ca2+ release rate which is 
-20-fold faster than that induced by tert-butyl- 
hydroperoxide (fig.2b). 
It has been claimed that the existing methods for 
A\k measurements are not able to detect a sub- 
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Fig. 1. Hydroperoxide-induced release of Ca2+ from rat 
liver mitochondria. Mitochondria were incubated as in 
section 2 in the presence of the calcium indicator Arse- 
nazo III in 3 ml total vol. Mitochondria were preloaded 
with the indicated amounts of CaZ+ (number in brack- 
ets, nmol/mg), and after 3 min Cal+ efflux was initiated 
with 100 PM tert-butylhydroperoxide (BuOOH) (a), or 
with ruthenium red (RR) (2 nmol/mg) 2 100 PM tert- 
butylhydroperoxide (b). The asterisks in (a) indicate the 
points at which the release rates in the absence of 
ruthenium red shown in fig. 2 were determined. 
population of damaged or de-energized mitochon- 
dria in the presence of intact mitochondria [ 131. 
This claim does not hold true for the A* measure- 
ments with the TPP+ electrode. We found that the 
response of this electrode was 25, 16, 11, 7 and 
5 mV with ratios of heat-inactivated and intact mi- 
tochondria, energized with succinate, of 0.1, 0.2, 
0.5,O.S and 0.9, respectively. 
Energization of mitochondria results in the de- 
velopment of a transmembrane potential, negative 
inside, of - 180 mV (fig.3). Addition of Ca2+ in- 
duces a sudden decrease of A\k due to the dissipa- 
tion of energy during Ca2+ uptake. After a lag 
which corresponds to the time necessary to ac- 
cumulate Ca2+, A\k reaches a new steady state 
which depends on the size of the Ca2+ load and 
amounts to - 180 and 145 mV with 30 and 
75 nmol Ca2+ /mg protein, respectively. When 
tert-butylhydroperoxide is added to mitochondria 
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Fig.2. Dependence on mitochondrial Ca2+ load of the 
hydroperoxide-induced release of Cal+ from mitochon- 
dria. Experimental conditions as in fig.1. (a) Mitochon- 
dria were preloaded with various amounts of Ca2+, and 
efflux was initiated by tert-butylhydroperoxide (100 JLM) 
alone (A), or by tert-butylhydroperoxide (100 PM) to- 
gether with ruthenium red (2 nmol/mg) (B); data in the 
presence of ruthenium red are the difference between 
the hydroperoxide + ruthenium red-induced rate minus 
the ruthenium red-induced rate. (b) Mitochondria were 
loaded with Ca2+ as in (a), and release of Ca2+ was 
induced by 2.5 PM CCCP. 
loaded with 30 nmol Ca*+ /mg protein only a 
small decrease of A9 is observed which can be 
reversed partially by addition of ruthenium red 
and completely by the Ca*+ chelator EGTA 
(fig3a, --). With a load of 75 nmol, hydroper- 
oxide addition causes a more rapid and extensive 
decrease of As to - 120 mV which is now insensi- 
Fig.3. Changes of mitochondrial membrane potential 
during uptake and release of Ca2+. Mitochondria were 
incubated as in section 2 at 2 mg/ml in 1 ml. At the 
arrows the following additions were made: 2.5 mM suc- 
cinate (Succ), 4 nmol ruthenium red (RR), 100 PM tert- 
butylhydroperoxide (BuOOH), and 0.5 mM EGTA: 
(a,b) (-) and (- - -) load = 30 nmol Caz+/mg and 
75 nmol Ca2+ /mg, respectively; (c) load 100 nmol 
Ca2+ /mg. 
tive to the addition of ruthenium red. Importantly, 
EGTA is still able to restore a high A9 (fig. 3a, ---). 
In fig. 3b changes of A\k are shown when ruthe- 
nium red is added before Ca*+ release is induced 
by tert-butylhydroperoxide. It can be seen that 
with a low Ca*+ load (30 nmol/mg, fig.3b, --) 
the decline of A* is much slower than in the ab- 
sence of ruthenium red, and A\k can be restored by 
EGTA (not shown). With 75 nmol Ca*+ /mg in the 
presence of ruthenium red (tig.3b, ---) the hydro- 
peroxide-induced decline is very similar to that 
seen in the absence of ruthenium red. Again, when 
the decline of A* has reached its new low level 
addition of EGTA restores it to - 175 mV (not 
shown). Fig.3c demonstrates that the decline of A\k 
induced by tert-butylhydroperoxide observed 
above is the consequence and not the cause of hy- 
droperoxide-induced Ca*+ release: Simultaneous 
addition of tert-butylhydroperoxide and EGTA to 
prevent Ca*+ cycling results in an increase of A* 
during the period of Ca2+ release. 
4. DISCUSSION 
A demonstration of a distinct carrier for Ca*+ 
efflux is that selective inhibition of the Ca*+ up- 
take carrier by ruthenium red causes a net efflux of 
accumulated Ca*+ [2]. Preservation of A\k is an 
absolute prerequisite for the identification of a 
physioiogical efflux pathway. Here, we show that 
at 5: 100 nmol Ca*+ /mg the hydroperoxide-in- 
duced Ca*+ release in the presence of ruthenium 
red is faster than in the absence of ruthenium red. 
With moderate Ca*+ loads the hydroperoxide-in- 
duced release in the presence of ruthenium red is 
accompanied by a very minor decrease of A\k; e.g., 
from 180 mV to 173 mV at 30 nmol Ca*+ /mg. 
Thus the main criteria of experimental proof for 
the existence of a separate and physiologically im- 
portant efflux pathway, namely stimulation by 
ruthenium red and preservation of A*, are ful- 
tilled for the hydroperoxide-induced Ca? + release. 
In addition to the Ca*+ efflux seen at high A\k, 
which takes place by an independent mechanism, 
Ca*+ efflux may also be induced by agents which 
lower A*, e.g., the uncoupler CCCP, and thereby 
allow net efflux via the uniport [2]. According to 
Nicholls [ 181 release of Ca*+ by reversal of the 
uniport (thermodynamic control) may be impor- 
tant at A\k values of - 130 mV and lower. In the 
273 
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absence of ruthenium red (i.e., when Ca2+ re- 
uptake and cycling are possible) there is a hyper- 
bolic dependence of the hydroperoxide-induced 
Ca2+ release rate. With increasing Ca2+ loads A* 
becomes progessively lower Ill], and is further 
lowered when Ca2+ cycling is promoted by the 
hydroperoxide-induced release. For example, 
75 nmol Ca2+/mg lowers A\k to 145 mV. About 
2 min after addition of tert-butylhydroperoxide 
A9 is decreased to - 123 mV. The rapid increase 
of the hydroperoxide-induced rate of Ca2+ release 
at high loads is therefore most probably due to an 
increasing contribution, in addition to release via 
the antiport, of Ca2+ release via the reversed uni- 
port at these low A* values. 
In the presence of ruthenium red the hydroper- 
oxide-induced net release rate is faster than in the 
absence of the uptake inhibitor, and occurs at A* 
values > 140 mV at 675 nmol Ca2+ /mg. This in- 
dicates that the hydroperoxide-induced release oc- 
curs via a separate route at s 75 nmol Ca2+ /mg. 
With higher loads the reversed uniport may be- 
come the dominating release pathway. However, 
the hydroperoxide-induced release is nevertheless 
much slower than that induced by the uncoupler 
CCCP. 
The action of ruthenium red has been shown to 
be complex [ 191. There is disagreement on whether 
ruthenium red is an effective inhibitor of Ca2+ 
efflux via the uptake carrier under conditions of 
low A* [19,20]. In [20], bound ruthenium red was 
not detached from mitochondria upon de-energi- 
zation; that bound ruthenium red was still able to 
inhibit Ca2+ /Ca2+ exchange when mitochondria 
are de-energized by FCCP. As shown here, addi- 
tion of ruthenium red influences the membrane 
potential only when added to mitochondria with 
relatively high A9. At low A9, ruthenium red is no 
longer able to restore or sustain AQ and evidently 
cannot prevent Ca2 + cycling (fig.3) possibly due to 
an inability to bind when added to mitochondria 
at low A*. 
EGTA can prevent cycling by complexing extra- 
mitochondrial Ca2+ [17]. Addition of EGTA 
together with tert-butylhydroperoxide gradually 
restores A9 with a time course identical to that of 
Ca2+ release, while addition of EGTA to mito- 
chondria at the end of the hydroperoxide-induced 
Ca2+ release results in a sudden restoration of A*. 
The results demonstrate again that the hydroper- 
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oxide-induced Ca2+ release cannot be the con- 
sequence of a decreased A+ and, as shown in [ 111, 
that mitochondria are fully competent o regain a 
high Ay after exposure to Ca2+ and hydroper- 
oxide when C$ + cycling is prevented. 
It is conceivable that prolonged and extensive 
cycling of Ca2+ across the inner mitochondrial 
membrane can be damaging to mitochondria. 
Concerning the mechanism of Ca2+ release from 
rat liver mitochondria it appears important to 
clearly distinguish between unspecific permeability 
changes (damage) as a cause of Ca2+ release, and 
‘damage’ as a consequence of prolonged and ex- 
tensive cycling induced by Ca2+ release. 
5. CONCLUSIONS 
(1) The hydroperoxide-induced release of Ca2+ 
from rat liver mitochondria occurs via a dis- 
tinct efflux carrier. It can take place when A* 
is high, and may therefore be of physiological 
importance. 
(2) Even with a high Ca2+ load (100 nmol Ca2+ /
mg) the hydroperoxide-induced epletion of 
Ca2+ does not damage mitochondria, nor is re- 
lease of Ca2+ induced by hydroperoxide due 
to damage of mitochondria. 
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